The reversibility of the octanoate adsorption was assessed by stepping the potential from -1 to +1 V vs. SHE (positive sweep), and then back from +1 to -1 V (negative sweep), and measuring friction and inverse capacitance for a 0.1 w/o 'solution of octanoic acid (Fig. 8 ). Friction and capacitance displayed hysteresis between the sweeps, though both returned to a value near the original at the end of the negative sweep, indicating desorption of the octanoate film.
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Conclusion
Static friction, current, capacitance, and radiotracer measurements have all shown the potential-dependent nature of lubricant-film formation in aqueous solutions of octanoic acid neutralized with sodium hydroxide. In a solution of 1 w/o octanoic acid, the static coefficient of friction between mild steel and iron was reduced by more than 50% on changing the electrode potential from -400 to 300 mV vs. SHE. This may be due to electrostatic interactions between negatively charged octanoate species and the electrode; at potentials above the pzc of iron (ca. -400 mV vs. SHE), the electrode is positively charged, enabling the adsorption of a lubricating oetanoate film. At potentials below -400 mV vs. SHE, film formation was inhibited, and friction consequently increased.
A nickel-hydrogen battery is used extensively as an energy storage system in satellite applications due to its distinctive characteristics such as long cycle life, high energy density, and tolerance to overcharge. I'2 A common-pressure-vessel nickel-hydrogen battery consists of several cell stacks within one common pressure vessel. Recently, this system has attracted attention because of its improved characteristics compared to the individual-pressure-vessel nickel-hydrogen battery such as higher energy density, lower manufacturing cost, and longer life expectancy? "~ However, common-pressure-vessel design has disadvantages to overcome such as electrolyte-management and thermal-control problems. 3'~ Polyethylene-cell encasement is used to solve the electrolyte-management problem. 7 Heat is absorbed at the beginning of the charge and released at the end of the charge and during discharge. 8-I~ The main reaction of hydrogen formation and consumption does not cause a thermal-control problem. However, the side reae-* Electrochemical Society Student Member. * * Electrochemical Soceity Active Member. tion produces oxygen, and much heat is released when oxygen is recombined with hydrogen, n-13 A metal fin is inserted between the cells to remove the heat produced inside the cell during the cell reaction. An important physical characteristic in choosing the heat-fin material is the thermal diffusivity. The materials which have high thermal diffusivity values are silver, gold, copper, and aluminum. TM Gold and aluminum are excluded from testing as heat-fin materials because gold is too expensive and aluminum is not chemically stable in the environment of the potassium hydroxide electrolyte. Silver, copper, and their alloys such as sterling silver and copper beryllium are compared as heat-fin materials.
Model Formulation
The back-to-back-design nickel-hydrogen battery is used in this modeling work as shown in Fig. la . One module consists of nine layers of cell-stack materials: two diffusion screens, two negative electrodes, two separators, two positive electrodes, and an absorber. Polyethylene encasement is used as the cell container to manage the problem of elec- Potassium hydroxide solution of 26% concentration is used as the electrolyte, unless otherwise specified. A polypropylene screen is used as the diffusion layer, and its void region is assumed to be filled with hydrogen. The absorber, also called the reservoir, acts as the electrolyte supply to avoid local nickel-electrode electrolyte depletion due to temperature gradients or electrode expansion. Grafted polypropylene is used as the absorber layer, and its void region is assumed to be filled with electrolyte. Asbestos is used as the separator material. The void regions of the separator and nickel electrode are assumed to be filled with electrolyte. The void region of the platinum electrode is assumed to be filled with hydrogen. Four different materials, copper, copper beryllium, silver, and sterling silver are compared as heat-fin material. Inconel 718 is used as the pressure-vessel wall material.
Conduction is regarded as the heat-transfer mechanism inside the cell. A differential energy balance equation is applied in this conduction heat-transfer system 3T piCp,z "~-= V-(~YT) + (~i [1] where p~, %,~, ~, and q~ are the density, specific heat, thermal conductivity, and heat generation rates in region i, respectively. T and t are temperature and time, respectively. A cylindrically shaped cell stack of Johnson Controls' 11 A-h common-pressure-vessel nickel-hydrogen battery is modeled in this research as shown in Fig. lc [2] where r and z are the radial and axial direction, respectively.
The effects of module component material porosities and potassium hydroxide electrolyte concentrations on the Fig. lb . The left and right sides of the modeled region are assumed to be; adiabatic by symmetry because these are the center lines of repetition. The lower side of the modeled region is assumed to be adiabatic because this is the center line of the axisymmetric modeled region. The upper side of the modeled region is assumed to have a constant temperature of I0~ because this side is kept at constant temperature by thermal controlJ 'I7'1~
The thermal and physical properties such as thermal conductivity, density, and specific heat are averaged for each region i using the following equations = )~ (1 -a) + kfE [3] Pi = Pm (1 -e) + pfe [4] cp, = cp,m (1 -e) + c p.~e [5] where e is the porosity value, and subscripts m, f, and i represent the values of the structural material, filling material, and calculated value with Eq. 3--5 of region i, respectively. The thermal conductivity values of the structural and filling materials are shown in Table I . The porosity values of the diffusion screen, platinum electrode, separator, nickel electrode, and absorber have been estimated, z1 ' 19 Two different groups of porosity values are shown in parenthesis in Table II . The physical and thermal properties of each cell region are shown in Table III . These values are the averaged values using Eq. 3:-5 with the group II porosity values of Table II where AT, W, and Tc are the maximum temperature difference allowed, weight percent (w/o) of the potassium hydroxide solution, and the coldest point temperature in the nickel-hydrogen battery, respectively.
Results and Discussion
Two different cell-component material porosities and potassium hydroxide electrolyte concentrations (Table II) , were tested for the maximum temperature inside the cell. The maximum temperature difference between the two groups is not significant (less than 0.95%). Thus, the estimated porosity values can be used in calculating the temperature gradient inside the cell without producing a significant error. Polyethylene and nylon are compared as cell encasement materials, and the maximum temperature difference between these two cases is not significant (less than 0.96%). Group II porosity values of Table II, 26% potassium hydroxide solution, and polyethylene cell encasement are used in the modeling of this research. The outside vessel wall temperature is assumed to be constant at 10~ and the maximum temperature difference allowed inside the cell is 6.21~ according to Eq. 6.
Steady state with constant heat-generation rate.--The
heat flows of the modeled region are represented by the vector plots as shown in Fig. 2 . The modeled region without a heat fin is shown in Fig. 2a and with a heat fin is shown in Fig. 2b . A constant heat generation rate of 0.04 W/cm 3 and a copper beryllium heat fin of 0.03 cm thickness and 6 cm height are used for the steady-state case modeling, unless otherwise specified. The maximum temperature without a heat fin is 24.38~ on the lower-right corner of the modeled region and with a heat fin is 13.25~ on the same region as Fig. 2a . The vector size was modified to enhance the heat flow magnitude as shown in Fig. 2a, b . Actually, the vector size in Fig. 2b should be 16 times bigger than what is shown in the plot to compare with the vector size in Fig. 2a . As shown in Fig. 2b , most of the heat produced inside the cell is dissipated to the outside vessel wall through the heat fin, and the heat flow through the other region is not significant. The gap between the cell stack and vessel wall is small (less than 3 mm) and also partly occupied by the cell-encasement material. The temperature gradient in this region is not significant (less than 1~
In these circumstances, viscous force overcomes buoyance force, and the heat transfer occurs by pure conduction. TM Thus, the heat transfer by convection through the small gap between cell stack and vessel wall can be neglected. The heat transfer by radiation is also negligible compared to that of conduction because the temperature of the modeled region is between 10 and 20~ Thus, it is reasonable to assume that conduction is the only mechanism of heat transfer in calculating the temperature behavior inside the cell without producing a significant error.
The heat-fin thickness is tested for different heat-fin materials as shown in Fig. 3 . In this case, the heat-fin height is fixed at 6 cm. The maximum temperature difference between copper beryllium and silver is 0.85~ when the heatfin thickness is 0.01 cm and 0.32~ when the heat-fin thickness is 0.06 cm. As the heat-fin thickness increases, the maximum temperature drop and the differences among the heat-fin materials becomes smaller because the other cell components become the major resistance to heat flow. The results of maximum temperature change with various heat-fin heights are shown in Fig. 4 . In this ease the heat-fin thickness is fixed at 0.03 cm. The temperature difference between copper beryllium and silver is 0.17~ when the heat-fin height is 1.0 cm and 0.50~ when the heat-fin height is 6.0 era. As the heat-fin height increases, the maximum temperature difference between the materials becomes larger because the short fin does not remove heat sufficiently.
The efficient design (height and thickness) of the heat fin is tested for an equal amount of heat-fin material, and the results are shown in Fig. 5 . Six different heat-fin heights are chosen, and each fin thickness is calculated to obtain equal amounts of heat-fin material. The dimensions of the heat-fin height and thickness are shown on the abscissa of
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,TT TT TT. Heat fin thickness (era) Fig. 3 . Maximum temperatures for different heat-fin materials and thickness. Fig. 5 . The maximum temperatures are compared, and the lowest value occurred when a 4 cm by 0.033 cm heat fin is used. However, the maximum temperature difference between the 4 cm by 0.033 cm case and the 6 cm by 0.030 cm case is not significant (less than 0.51%). According to the results of Fig. 5 , the doughnut-shaped heat fin, which is flat, and has a hole at the center, proved to be as efficient as the disk-shaped heat fin to remove the heat produced inside the cell when an equal amount of heat-fin material is used.
Unsteady state with pulse heat-generation rate.--Pulse
heat generation rate is used to study the temperature re- Heat fin height and thickness
Fig.5. The test of the efficient heat-fin dimension {height by thickness) for equal amounts of heat-fin materlial.
sponse for unsteady state cases. The pulse heat-generation rate is shown as a solid line in Fig. 6 , whose units are shown on the right-side ordinate. A copper beryllium heat-fin of a 0.03 cm thickness and 6.33 cm height is used for the unsteadY state with the pulse heat generation unless otherwise specified. The maximum temperature, minimum temperature, and the temperature difference between the maximum temperature and minimum temperature are shown in Fig. 6 , whose unit is shown on the left-side ordinate. The temperature contour plots of Fig. 6 at specific times are shown in Fig. 7 , and the unit of the key number is ~ At the beginning of the positive heat generation (after i sin), the maximum temperature occurs near the center of the three modules in the modeled region as shown in Fig. 7a . The temperature gradient did not develop much and there was not enough time to dissipate the heat produced inside the cell. After 6 min, the temperature gradient became steeper, and the heat produced inside the cell went towards the heat fin and then out to the vessel wall as shown in Fig. 7b . When the heat generation rate is negative (after 18 min) as shown in Fig. 7d , the shape of the contour lines appears similar to that of the Fig. 7b but with the gradient reversed. The time-dependent heat-generation rates of a nickelhydrogen battery of Johnson Controls, Inc., at the beginning of the life is shown in Fig. 8 . The curve is based on a 55 min charge and 35 min, 40% depth of discharge for a low-earth-orbit regimeJ It is assumed that the heat is generated uniformly, only on the nickel electrode, and this assumption has proved reasonable in calculating the temperature gradient inside the cell without producing significant errors as shown in the paper.it The magnitude of the heat-generation rates during the normal charge is not large, and the cell temperature during this period does not deviate much from the initial temperature of 10~ The temperature increases rapidly during the overcharge, and the maximum temperature occurs at the end of the overcharge. The heat generation rate peak during overcharge is important in calculating the maximum temperature during a 90-sin cycle.
The maximum temperature using the peak of the overcharge heat-generation-rate regime is different from that when using the whole 90-min cycle because of the temperature-gradient history before the overcharge regime. Pulse heat-generation rates are tested to be used instead of the heat-generation rates of Fig. 8 . The heat-generation rates of the peak portion during the overcharge in Fig. 8 are averaged and compared with the pulse heat-generation rates as shown in Fig. 9 . The maximum temperature difference of the pulse heat-generation rate of 0.196 W/cm 3 for 380 s is similar to that of JCI's as shown in Fig. 9 . Thus, the pulse heat-generation rate of 0.196 W/cm 3 for 380 s is used in calculating the maximum temperature difference with different heat-fin thicknesses and materials, and the results are shown in Fig. 10 . The maximum temperature difference using this pulse heat-generation rate is 0.06~ smaller than that when using JCI's. Thus, the corrected maximum temperature difference allowed is shown by line b of Fig. 10 . As shown in Fig. 10 , a 0.03-cm-thick sterling silver, copper, or silver, or a 0.04-cm-thick copper beryllium heat fin are alternatives to reduce the temperature gradient inside the cell to a value lower than the maximum temperature difference allowed to avoid the water relocation problem. Figure 11 shows the results using the same method as Fig. 10 except that four modules are used instead of six modules between heat fins. In this case, the maximum temperature difference of the pulse heat-generation rate of 0.206 W/cm 3 for 360 s is similar to that of JCI's, and it is 0.80 ..... to a value lower than the maximum temperature difference allowed. Figure 12 shows the heat-fin-thickness correlation between six modules and four modules between heat fins. Each line represents the comparison of the heat-fin volume.
As an example, a 0.04-cm-thick heat fin for a six-module case is equivalent to the 0.029-cm-thick heat fin for a fourmodule case. Thus, the results of the Fig. 10 and 11 can be summarized in Fig. 12 . As shown in Fig. 12 , the four-modules-between-heat fins array is preferred over the six-modules-between-heat-fins array to reduce the heat-fin volume by more than 50% when choosing copper beryllium, sterling silver, copper, or silver as fin material.
Unsteady state with the heat-generation rates reported by JCI.--According to the results of Fig. 12 , four modules between heat fins and a copper beryllium heat fin of 0.01 cm thickness and 6.33 cm height are used in calculating the temperature behavior inside the cell. The heat generation rates of Fig. 8 are used during three repeating cycles, and only the maximum temperature difference inside the cell is shown in Fig. 13 . The maximum temperature difference using copper beryllium is 6.04~ sterling silver is 5.92~ copper is 5.89~ and silver is 5.87~ Thus, a copper beryllium, sterling silver, copper, or silver heat fin of 0.01 cm thickness and 6.33 cm height is enough to keep the temperature gradient inside the cell to a value lower than the maximum temperature difference allowed (6.21~ when the heat-generation rates reported by JCI and four modules between heat-fins are used.
Even though the temperature gradient inside the cell is a little higher than the maximum temperature difference allowed, the nickel-hydrogen cell has self-adjusting protection to prevent continuous water loss from the nickel electrode. As an example, in the case that the nickel electrode loses water due to temperature gradients and the potassium hydroxide electrolyte concentration changes from 26 % to 27 %, the maximum temperature difference allowed changes from 6.21 to 6.72~ according to Eq. 6, and in turn this slows down or stops the water loss from the nickel electrode. Thus, the nickel-hydrogen cell can functiori properly as tong as the maximum temperature difference 33 cm high heat fin (copper beryllium, sterling  silver, copper, or silver) and the heat-generation rates of Fig. 8 (three  repeating cycles) are used.
inside the cell does not exceed significantly the maximum temperature difference allowed, even though the higher potassium hydroxide electrolyte concentration reduces the nickel-hydrogen-cell cycle life.
Conclusion
The effects of the potassium hydroxide electrolyte concentrations and porosity values of the diffusion screen, platinum electrode, separator, nickel electrode, and absorber on the maximum cell temperature are not significant. Polyethylene and nylon are compared as ceil encasement material, and there is no significant difference in maximum cell temperature. Most of the heat produced inside the cell can be dissipated to the outside vessel wall through a properly designed heat fin. A doughnut-shaped heat fin, which is flat with a hole at the center and made with equal amounts of material as a disk-shaped heat fin, can be as efficient as the disk-shaped heat-fin in reducing the temperature gradient inside the cylindrically shaped nickel-hydrogen cell.
When six modules are used between heat fins, a 0.03-cmthick sterling silver, copper, or silver or a 0.04-cm-thick copper beryllium heat fin is a satisfactory alternative to reduce the temperature gradient inside the cell to a value lower than the maximum temperature difference allowed (6.21~
When four modules are used between heat fins, a 0.01-cm-thick copper beryllium, sterling silver, copper, or a silver heat fin is sufficient to reduce the temperature gradient inside the cell to a value lower than the maximum temperature difference allowed. More than a 50% reduction in heat-fin material can be achieved by using four modules between heat fins compared to six modules betwen heat fins.
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